bleaching of the ground state electron population occurs at high light intensities and pump rates, leading to SA behavior. This could be understood in terms of a fluence-dependent absorption coefficient for an SA material (SAM)
The maximum change in absorption of a SAM for a given wavelength determines the modulation depth (ΔT). SA behavior in 2D materials can be beneficial for photonic applications such as optical isolation, passive mode locking, Q-switching of lasers for the generation of short optical pulses, nonlinear filtering for pulse shaping, and optical signal processing. [1, 6, 9, 17] For example, 2D materials such as graphene and transition metal dichalcogenides (e.g., MoS 2 ) that exhibit SA behavior with an increased modulation depth up to ≈20% and a fast recovery time of ≈100 fs have been demonstrated for many nonlinear photo nic applications. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [18] [19] [20] Nonetheless, many challenges in 2D SAMs still exist, such as the need for low nonsaturable loss and high threshold for optical damage. Recent experimental studies on 2D titanium carbide and carbonitride MXenes (Ti 3 C 2 T x and Ti 3 CNT x ) suggest that MXenes exhibit robust nonlinear optical
MXenes comprise a new class of 2D transition metal carbides, nitrides, and carbonitrides that exhibit unique light-matter interactions. Recently, 2D
Ti 3 CNT x (T x represents functional groups such as OH and F) was found to exhibit nonlinear saturable absorption (SA) or increased transmittance at higher light fluences, which is useful for mode locking in fiber-based femtosecond lasers. However, the fundamental origin and thickness dependence of SA behavior in MXenes remain to be understood. 2D Ti 3 C 2 T x thin films of different thicknesses are fabricated using an interfacial film formation technique to systematically study their nonlinear optical properties. Using the open aperture Z-scan method, it is found that the SA behavior in Ti 3 C 2 T x MXene arises from plasmon-induced increase in the ground state absorption at photon energies above the threshold for free carrier oscillations. The saturation fluence and modulation depth of Ti 3 C 2 T x MXene is observed to be dependent on the film thickness. Unlike other 2D materials, Ti 3 C 2 T x is found to show higher threshold for light-induced damage with up to 50% increase in nonlinear transmittance. Lastly, building on the SA behavior of Ti 3 C 2 T x MXenes, a Ti 3 C 2 T x MXene-based photonic diode that breaks time-reversal symmetry to achieve nonreciprocal transmission of nanosecond laser pulses is demonstrated.
properties, which could be utilized for photonic applications. [21, 22] MXenes are 2D transition metal carbides and nitrides with the chemical formula M n+1 X n T x (n = 1-3), where M is an early transition metal, X is carbon and/or nitrogen, and T x represents surface termination groups such as O, OH, F, etc. [23] [24] [25] A fundamental understanding of the SA behavior in MXenes and its dependence on thickness and film quality is necessary to engineer better SAMs for photonic applications.
In this article, we experimentally show that Ti 3 C 2 T x MXene thin films, prepared using a new solution-processing technique, are excellent SAMs with high modulation depth of up to ≈50% and high threshold ≈70 mJ cm −2 for optical damage. Ti 3 C 2 T x is the first and most studied MXene which is synthesized by selective etching of Al from Ti 3 AlC 2 MAX phase using externally [26, 27] added or in situ formed HF. The first MXene thin films were produced by etching of sputter-deposited epitaxial Ti 3 AlC 2 MAX phase films. [28] The ability to intercalate and delaminate MXenes into a colloidal state has opened the door to fabricating MXene films via common solution processing techniques. [29] Recently, MXene films have been fabricated for various applications using spin/drop-casting, [30] spray coating, [31] and rolling. [26, 32, 33] However, the variability in the film uniformity and thickness prohibits a systematic study of SA behavior in MXenes. To overcome this challenge and produce very thin and uniform films, we implemented a simple and efficient interfacial film assembly technique between two immiscible liquids (viz., water and toluene), previously used for other nanomaterials, [34] [35] [36] [37] to prepare thin Ti 3 C 2 T x MXene films (thickness h in the range of ≈5-100 nm). Our nonlinear optical studies using the Z-scan method suggest that the SA behavior at 1064 nm in Ti 3 C 2 T x films arises from plasmon-induced increase in the ground state absorption. More importantly, the nonlinear optical absorption and the saturation fluence of Ti 3 C 2 T x films were found to vary with film thickness. Building on the high modulation depth (≈50%) found in Ti 3 C 2 T x films, we fabricated a passive photonic diode by stacking Ti 3 C 2 T x MXenes with C 60 (a reverse saturable absorber) in tandem to achieve nonreciprocal transmission of light, which is useful for optical isolator applications in fiber-based femtosecond lasers. We demonstrate that the modulation depth and the nonreciprocity factor of MXene photonic diodes can controllably tuned by varying the film thickness. We achieved a nonreciprocity factor as high as ≈4 dB using Ti 3 C 2 T x MXenes/C 60 bilayer structure for optical isolation without any phase-matching constraints, polarization requirement, or magnetic fields used in conventional optical isolators such as Faraday rotators. Ti 3 C 2 T x thin films were prepared on glass and Si substrates with varying thicknesses (h ≈ 5-100 nm) using the interfacial film formation technique (Figure 1) . The films were characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction (XRD), and ultravioletvisible (UV-vis) transmittance to evaluate their uniformity, thickness, composition, and linear optical absorbance, respectively (Figure 2) . As shown in Figure 1d and SEM images (see Figure S1 in the Supporting Information), the interfacial Ti 3 C 2 T x MXene films smoothly and uniformly covered large (≈1 × 1 cm 2 ) area substrates. High magnification SEM ( Figure S1 , Supporting Information) showed thin individual transparent Ti 3 C 2 T x flakes of 1-2 µm lateral dimensions overlapping one another without any extended stacking in the vertical directions, which was also confirmed using XRD (see Figure S2 in the Supporting Information) and AFM (Figure 2a ). The average thicknesses and surface roughness of Ti 3 C 2 T x thin films were deduced from multiple AFM line scans ( Figure 2a and Table 1 ), which showed that the surface roughness of the Ti 3 C 2 T x thin films increased with increasing film thickness.
The linear optical transmittance of the Ti 3 C 2 T x films correlates well with their thicknesses ( Figure 2b and Table 1 ), and the transmittance at 1000 nm (relevant for nonlinear optical excitation ≈1064 nm) is listed in Table 1 . The Ti 3 C 2 T x films displayed a broad valley in their optical transmission spectra ≈780-800 nm. This is attributed to surface plasmon resonance in Ti 3 C 2 T x centered at 780 nm and was previously used for surface enhanced Raman spectroscopy with Ti 3 C 2 T x MXene substrates. [38] Previously, Dillon et al. measured the real and imaginary components of the dielectric constants, given by ε 1 and ε 2 , for Ti 3 C 2 T x films using ellipsometry. [39] The imaginary component ε 2 , was found to exhibit a peak at ≈800 nm, which concurs with the observed valley in the transmission spectra shown in Figure 2b . Furthermore, Dillon et al. found a crossover from positive to negative values for ε 1 at wavelengths greater than 1130 nm, indicating the onset of free carrier oscillations at low photon energies (<1 eV). [39] The crossover point for ε 1 Adv. Mater. 2018, 30, 1705714 www.advmat.de www.advancedsciencenews.com was observed to be dependent upon film thickness with ε 1 in thinner films attaining negative values at longer wavelengths. This suggests that the nonlinear optical properties may also exhibit thickness dependence similar to linear transmission ( Figure 2b ). Mauchamp et al. observed that Ti 3 C 2 T x films exhibit two surface plasmon peaks with an intense sharp peak ≈0.3 eV (≈4100 nm) and a broader shoulder ≈1.2 eV (≈1030 nm) using electron energy-loss spectroscopy. [40] In this work, we hypothesize that the SA behavior in Ti 3 C 2 T x MXene films arises from plasmon-induced increase in the ground state absorption at 1064 nm.
It is well known that surface plasmon resonances in noble metal nanoparticles such as Au and Ag strongly enhance light-matter interactions. In these materials, a strong plasmoninduced increase in the local electric field is known to enhance SA by increasing the absorption cross section of the ground state. [41] [42] [43] [44] However, the observation of SA is often precluded due to a concomitant increase in free carrier oscillations and excited state absorption in Au and Ag nanoparticles. The observation of SA behavior in metal nanoparticles necessitates careful tuning of size below 2 nm. [45] On the other hand, Ti 3 C 2 T x thin films exhibit increased ground state absorption at ≈1064 nm (1.16 eV) due to the plasmon resonance, while free carrier oscillations (as evidenced from ε 1 crossover point [39] ) occur at longer wavelengths or lower energies ≈1130 nm (<1.1 eV). Thus, unlike noble metal nanoparticles, SA behavior arising from plasmon-induced increase in ground state absorption is visible in Ti 3 C 2 T x films with different thicknesses, as described below.
The open aperture Z-scan method was used to characterize the nonlinear optical properties of Ti 3 C 2 T x thin films. In the setup, a Q-switched frequency-doubled Nd:YAG laser beam (1064 nm, 7 ns) was focused using a converging lens (lens 1 in Figure 3a ; focal length: 20 cm) to a spot size of 100 µm onto a glass supported Ti 3 C 2 T x film mounted on a moving stage ( Figure 3a ). The transmitted beam, whose intensity is dependent on the sample position, was focused using another converging lens (lens 2 in Figure 3a ) onto a photodetector, as shown in Figure 3a . As shown in Figure 3b , the Z-scan experiment measures the position-dependent change in the nonlinear transmittance or the modulation depth of the Table 1 ). The following observations can be deduced from experimental data in Figure 3b ,c and the I s extracted by fitting the data: i) the SA behavior is universal in Ti 3 C 2 T x irrespective of the film thickness, ii) the modulation depth is directly dependent upon the film thickness with higher ΔT for thicker films, and iii) I s varies inversely with the film thickness (see Table 1 and Figure 4a ).
The universal observation of SA behavior for different thicknesses can be understood in terms of plasmon-induced increase in the ground state absorption at 1064 nm. Given that free carrier oscillations are more favorable at longer wavelengths >1130 nm (or lower energies <1.1 eV) Table 1 . [17, 46] as a function of increasing laser energies. Refer to Table 1 for sample names.
www.advmat.de www.advancedsciencenews.com in MXenes, the depletion of ground state population is more dominant at 1064 nm (≈1.16 eV) resulting in increased nonlinear transmittance at higher fluences or SA behavior. Importantly, the modulation depth or ΔT for the thicker Ti 3 C 2 T x MXene thin films was found to be 30% at 40 mJ cm −2 , which is nearly five times the ΔT of a fewlayer graphene (FLG exhibits ΔT ≈ 6% at 40 mJ cm −2 ; Figure S3 , Supporting Information) [17, 46] measured in the same experimental setup. As discussed later in Figure 5 , this large modulation depth of Ti 3 C 2 T x is highly useful for applications in optical isolation and nonreciprocal light transmission.
As shown in Figure 4a , we note that I s for Ti 3 C 2 T x decreases significantly with increasing film thickness, which may be understood in terms of stronger optical absorption (cf. Table 1 ) and higher imaginary component of the dielectric constant for thicker Ti 3 C 2 T x films, [39] as described below. The saturation carrier density (N s ) in 2D materials could be estimated using a simplified approximation given by Bao where α is the absorption coefficient, τ is the carrier relaxation time,  is reduced Planck's constant and ω is the excitation frequency. [17] Chemla et al. argued that in the case of 2D electron gas, absorption saturation occurs when photo-generated carrier density is about one charge carrier per exciton volume 4πa o 3 /3 where α 0 is the Bohr radius. [47] Accordingly, I s can be approximated as I s = 3ω⁄(4πa o 3 ατ). It then follows that for a given excitation, I s is related to α through an inverse relation. Dillon et al. [39] experimentally showed that the imaginary component of the dielectric constant is higher for thicker films suggesting that I s decreases with increasing thickness concurring with the data presented in Figure 4a . A low saturation fluence allows SAMs inside the laser cavities to work effectively for pulse shaping applications. Although other 2D materials such as graphene and MoS 2 exhibit lower I s than Ti 3 C 2 T x , [21] they cannot withstand higher laser energies. On the other hand, the SA behavior in Ti 3 C 2 T x was found to be resilient at high laser energies (Figure 4b) , and the modulation depth increases with increasing laser energies similar to FLG. A maximum modulation depth ≈50% was observed at 70 mJ cm −2 for a 67 nm thick Ti 3 C 2 T x film. While the clear degradation of FLG was observed when the laser energy reached ≈40 mJ cm −2 , both ≈5 and 67 nm thick Ti 3 C 2 T x films were able to withstand high laser energy ≈70 mJ cm −2 (Figure 4b) . In Q-switched lasers, the laser-induced damage of the SA will lead to a severe instability of Q switching. In this regard, the use of Ti 3 C 2 T x, and possibly other MXenes, as SAMs is more favorable compared to other 2D materials due to their higher damage threshold. 
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We demonstrate that the SA behavior in Ti 3 C 2 T x MXene can be used to fabricate a photonic diode that exhibits nonreciprocal transmission of light similar to current flow in an electronic p-n junction diode. The time-reversal symmetry in the electromagnetic wave equation implies intrinsic reciprocity in light transmission, i.e., swapping the light source and detectors while keeping the sample fixed should not alter the transmission. We previously showed that the time-reversal symmetry could be broken using a bilayer structure containing an SAM and a reverse saturable absorption material (RSAM). [48] While an SAM or RSAM exhibits spatially reciprocal light transmission, the transmission characteristics become nonreciprocal when a laser pulse with input fluence F in > I s propagates sequentially through an SAM/RSAM bilayer (see Figure S4 in the Supporting Information). Here, we used C 60 as an RSAM [49] and Ti 3 C 2 T x MXene as the SAM for achieving a photonic rectification (photonic diode) function. In the forward direction (Ti 3 C 2 T x MXene followed by C 60 ), input pulse shows an increased transmission through Ti 3 C 2 T x MXene (an SAM) when its input fluence F in > I s . Subsequently, this transmitted pulse is attenuated by C 60 (a RSAM) through multiphoton absorption mechanism. The overall response is an increase in light transmission (higher than linear transmittance) if the SA effects overwhelm RSA. On the other hand, in the reverse direction (C 60 followed by Ti 3 C 2 T x MXene), the input laser pulse with same fluence as in the forward direction (F in > I s ) is attenuated below I s by C 60 due to multiphoton absorption. [49, 50] The transmitted laser pulse (F transmitted < I S ) from C 60 does not elicit a high transmittance through the Ti 3 C 2 T x film leading to a decreased transmission ( Figure S4 as noted previously in the discussion of Figure 3 . For C 60 , α(I) = α 0 + βI wherein β is the two-photon absorption coefficient of C 60 . Our model extracts transmission characteristics of Ti 3 C 2 T x MXene/C 60 bilayers using experimentally determined parameters such as I s and β, without the need to introduce free parameters. In forward bias (see Figure 5a ), a 7 ns Gaussian pulse was first sliced in time with equal width ≈70 ps. Each temporally sliced part of the Gaussian pulse first propagates through SA (sliced in space with ≈1 nm thickness for each slice) and the output intensity is calculated by solving the propagation equation for SA via Runge-Kutta method. The transmitted pulse from n th space slice serves as the input pulse for n + 1 th slice. At the end of MXene layer (e.g., 67 nm in Ti 3 C 2 T x -4), the output intensity is calculated by solving the propagation equation for ≈50 slices of RSA (with ≈1 nm thickness). In the reverse bias case, the order of solving the propagation equations was reversed. As observed in Figure 5b , the output pulses from the Ti 3 C 2 T x MXene/C 60 bilayer show different intensities in forward and reverse bias directions. Nonlinear transmission curves for the photonic diode (similar to Figure 3c) , generated by using different input pulse intensities in the space-time slicing model (Figure 5c ), showed that the transmission for Ti 3 C 2 T x MXene/ C 60 bilayer increases with intensity in the forward direction while it decreases in the reverse direction above 4 mJ cm −2 . Our experimental data for Ti 3 C 2 T x /C 60 bilayer concur with the space-time slicing model showing nonreciprocal light transmission >1 mJ cm −2 with an increasing difference between forward and reverse transmission characteristics (Figure 6 and Table 2 ). We observed that the nonreciprocity factor (defined as the gain in Figure 5 ) could be tuned by varying Ti 3 C 2 T X MXene thickness and linear transmission (Table 2; Figure S5 , Supporting Information). Indeed, we achieved a maximum nonreciprocity factor as high as ≈4 dB with ≈100 nm Ti 3 C 2 T x MXene/C 60 bilayers. Unlike magneto-optical isolators in fibercoupled lasers that are constructed based on Faraday rotators, Ti 3 C 2 T x MXene/C 60 bilayers exhibit nonreciprocal transmission irrespective of angle of incidence or polarization in addition to Adv. Mater. 2018, 30, 1705714 being ultra-compact (≈100 nm). Although the nonreciprocity factor is only moderate ≈4 dB compared to traditional optical isolators that could achieve ≈30-40 dB, the demonstrated photo nic diode characteristics provide the basis for the use of a wide range of MXene compositions with potentially stronger SA properties (e.g., Ti 2 CT x , Mo 2 CT x , Ti 3 CNT x , etc.) in photonic diodes and optical isolators without the need for bulky components or magnetic fields.
In summary, this study identifies plasmon-induced increase in the ground state absorption well above the free carrier oscillation energy as the primary mechanism for SA in Ti 3 C 2 T x thin films fabricated by the interfacial technique. Our studies revealed the following novel attributes of nonlinear optical properties of MXenes: (i) Ti 3 C 2 T x films exhibited a significantly higher modulation depth up to ≈50% useful for optical isolation and passive photonic diodes (at least five times higher compared to FLG at 40 mJ cm −2 ), (ii) the saturation fluence of Ti 3 C 2 T x films is easily tunable by changing the film thickness, (iii) MXenes are more resilient than other 2D materials with high damage thresholds ≈70 mJ cm −2 . Lastly, the SA behavior in MXenes leads to the possibility of fabricating passive photonic diodes that are ultracompact, independent of phasematching and polarization conditions needed for conventional Faraday rotator-based optical isolators.
Experimental Section
General Characterization Methods: The transmission spectra were measured from 200 to 1000 nm (UV-vis spectrometer QE Pro, Ocean Optics) using a bare cover glass as a baseline. X-ray diffraction patterns were measured by a powder diffractometer (PANalytical, Phillips MPD) with Cu Kα radiation (λ = 1.5425 Å, U = 45 kV, I = 40 mA). The morphology of the prepared MXene films was characterized using scanning electron microscope (HELIOS NANO LAB 600). AFM measurements were performed in a noncontact mode using AIST-NT SPM Smart system and cantilevers (HQ: NSC14/Al BS-50) from Micromasch. AIST-NT image analysis and processing (Version 3.2.14) software was used for AFM images analysis.
Synthesis of Ti 3 C 2 T x MXene: Ti 3 C 2 T x was synthesized by selective etching of aluminum atomic layers in Ti 3 AlC 2 by MILD etching method described previously. [26, 51, 52] To synthesize MILD Ti 3 C 2 T x , 1 g of lithium fluoride (LiF) was added to 20 mL of 6 m hydrochloric acid (HCl) while stirring with a Teflon magnetic stir bar. Over the course of a few minutes, 1 g of Ti 3 AlC 2 MAX phase was added to the LiF/HCl mixture and the reaction proceeded for 24 h at 35 °C. After etching, the mixture was repeatedly washed with deionized water by centrifugation at 3500 rpm for 3 min and decantation of the acidic supernatant until a supernatant was obtained with a pH ≈6. The supernatant was decanted, deionized water was added to the sediment, and the mixture was subjected to manual shaking for 5 min to delaminate the Ti 3 C 2 T x flakes. The solution was centrifuged for 1 h at 3500 rpm and the supernatant was used for fabrication of Ti 3 C 2 T x films by the interfacial thin film technique.
Fabrication of MXene Films by the Interfacial Thin Film Technique: About 50 mL of DI water was poured into a 100 mL glass beaker with a Teflon coated magnetic stir bar (Figure 1 ). While vigorously stirring the DI water, a predetermined volume of Ti 3 C 2 T x aqueous colloid in the range 0.05, 0.1, 0.2, and 0.3 mL, was added into the glass vial for preparing thin films of different thicknesses. Under continued stirring, 4-6 mL of toluene was added into the vial and stirred vigorously for 20 min (Figure 1a ). Clean cover glass and silicon substrates (sonicated in acetone at room temperature for 40 min and dried) were hydrophilized by immersing into freshly prepared Piranha solution (3 parts of H 2 SO 4 96% + 1 part of H 2 O 2 30%) for 12 h. After that, the substrates were rinsed with DI water, attached to a glass rod handle, and placed near the bottom of another 600 mL glass beaker filled with 400 mL water. The stirred Ti 3 C 2 T x MXene-toluene-water dispersion was quickly poured into the 600 mL glass beaker with the substrate attached to a glass rod and immersed in DI water. The beaker was left still for 20 min to allow layering out of the emulsion and the formation of the interfacial film (Figure 1b ). After the formation of Ti 3 C 2 T x thin film at the interface between water and toluene, the substrate was slowly lifted toward the top of the beaker while keeping its surface oriented parallel to the interface. The MXene film coated the glass when it passed through the waterorganic solvent interface. The coated substrate (with Ti 3 C 2 T x film on both sides, Figure 1c ) was detached from the glass rod and dried at ambient conditions in air for 12 h. In the final step, the back side of the substrate was carefully rubbed with alcohol wetted paper to remove Ti 3 C 2 T x film so that only one side of the substrate remains coated (Figure 1d ).
Z-Scan Measurements and Simulations: In our Z-scan setup (see Figure 3a ), a linearly polarized beam (7 ns, 1064 nm) from a Q-switched frequency-doubled Nd:YAG laser was focused by a converging lens (focal length of ≈20 cm) to form an optical field of gradually changing laser intensity. The glass supported Ti 3 C 2 T x films were translated across the focal plane in the beam direction (Z-direction) by placing them on a moving stage (PI instruments). A LabVIEW program synchronized the single-shot laser pulses with the moving stage and the resulting repetition rate was ≈1 Hz. With the sample experiencing different optical intensities at each z position, the corresponding transmittance was recorded by a calibrated photodetector (RjP-7620, Laserprobe, Inc) placed on the sample translation axis. A more detailed description of our Z-scan technique can be found elsewhere. [16, 48, 50, 53] As described in the article, the space-time slicing model was performed by iteratively solving light propagation equations in MATLAB using Runge-Kutta method. All the parameters for the model including linear transmittance, pulse energy, pulse width, I s , and β were extracted from experimental datasets.
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